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ABSTRACT
Growing awareness of the potential environmental impacts of conventional refrigerants (CFCs and HFCs) has led to
efforts to identify suitable alternative refrigerants for various heat pump applications with minimum environmental
impact. This study is focused on the performance evaluation of various alternatives including hydrocarbon (HC),
hydroflouroolefins (HFO), and CO2 as drop-in-replacement for R134a for heat pump water heating (HPWH).
Fundamental thermophysical properties have been used to highlight the important performance characteristics of the
systems when such fluids are deployed working medium. Key performance parameters such as unified energy
factor, first hour rating and thermal stratification in the water tank are investigated using simulation and
experimental approaches. The findings suggest that both alternative refrigerants could provide comparable system
performance to that of the baseline system containing R134a. System refrigerant charge and the condenser discharge
temperature are established to investigate the potential of hydrocarbon refrigerants to substitute R134a without
significant system modifications. The overall objective is to identify the major challenges and opportunities for
alternative refrigerants for heat pump water heater in terms of performance, required infrastructure and potential for
drop-in-replacement.

Notice: This manuscript has been authored in part by UT-Battelle, LLC, under contract DE-AC05-00OR22725 with
the US Department of Energy (DOE). The US government retains and the publisher, by accepting the article for
publication, acknowledges that the US government retains a nonexclusive, paid-up, irrevocable, worldwide license
to publish or reproduce the published form of this manuscript, or allow others to do so, for US government purposes.
DOE will provide public access to these results of federally sponsored research in accordance with the DOE Public
Access Plan (http://energy.gov/downloads/doe-public-access-plan).
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1. INTRODUCTION
Residential and commercial water heating accounts for approximately 10% of all residential and commercial site
energy usage in the United States, making it the fourth largest energy end use in homes [1]. On a global scale, in
2015 water heating consumed about 15–20% of residential energy for OEDC and non-OEDC countries as shown in
Fig. 1.
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Figure 1. Residential and commercial end-use energy by different applications (US EIA, 2013)
Despite recent advancements in energy efficiency, most residential water heaters are either conventional natural-gasfired or electric storage heaters. While such systems are quite simple, they have very low system efficiency.
Conversely, under appropriate conditions, electrically driven, vapor compression heat pumps, or heat pump water
heaters (HPWHs), represent a system opportunity with much higher thermal efficiency than conventional electric
water heaters, resulting in significant energy savings.
Similar to conventional refrigeration or air-conditioning cycles, HPWHs use a vapor compression refrigeration cycle
to transfer heat from a low temperature ambient to a high temperature reservoir, a hot water tank. A key parameter
of interest is the working fluid used in the vapor compression cycle. Conventional HPWH systems deployed R-22,
which is being phased down due to the high ozone depletion potential (ODP) associated with this fluid. R-134a
emerged several years ago as the potential replacement, and most manufacturers have introduced systems with a
reasonably higher unified energy factor (UEF) based on this refrigerant. However, concerns about possible global
climate change have led to legislative action all around the world to phase down the use of hydrofluorocarbons
(HFCs), including R-134a, in a range of heating, ventilation, air conditioning, and refrigeration (HVAC&R)
applications, due to their relatively high global warming potential (GWP). Since HPWH systems are essentially heat
pumps relying on the vapor compression refrigeration cycle, the technology has been equally affected [3]. Table 1
summarizes some familiar refrigerants with potential impact on the environment.
Table 1: Properties of baseline and alternative refrigerants
Parameter
R134a
R290
R1234yf
Formula
CH2FCF3
C3H8
CF3CF=CH2
CAS number
811-97-2
74-98-6
754-12-1
Molecular Mass (g/mol)
102
44
114
ODP
0
0
0
GWP100
1300a
<3a
<1a
Safety classificationb
A1
A3
A2L
Critical Temperature (K)c
374.21
369.89
367.85
Critical Pressure (Mpa)c
a IPCC

5th

4.25

3.38

7.37

report, chapter 8 (Myhre et al., 2013)

b ANSI/ASHRAE
c

4.06

R744
CO2
124-38-9
44
0
1
A1
304.1

standard 34-2013 (A-Non-toxic, 1- Non-flammable, 2L- Mildly flammable 3 - Flammable)

REFPROP 9.1 (Lemmon et al., 2013)

A range of experimental, analytical, and numerical studies have evaluated the performance of HCs for various
HVAC&R applications. Broadly, these refrigerant studies used either pure HCs, HC blends, or HC blends mixed
with HFCs and hydrofluoroolefins (HFOs). Urchueguia et al. [5] conducted an experimental study of a commercial
refrigeration unit using R290 instead of R22. They concluded that the COP increased by 1–3% and the capacity
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decreased by 13–20% when R290 was used to replace R22. In another similar study. Lee and Su [6] compared the
performance of a domestic refrigeration system with R600a to replace R12 and R22. Khalid and Qusay [7]
investigated the performance of a residential air-conditioning system under high condensing temperatures using
R22, R290, R407C, and R410A. They found that the cooling capacity and the power consumption for R410A were
the highest among the four refrigerants and that R290 required less power and refrigerant charge for comparable
performance to R22. Song et al. [8] evaluated the performance of an air-conditioning system using R32 and R290 as
substitute fluids for R22 and R410A. They found that at the rated conditions, the COP of R32 and R290 was
significantly higher than that of R410A and R22. In another similar study, Zhou et al. [9] considered R290 as a
potential replacement for R22 in a split air-conditioning unit with different diameters of coiled capillary tubes and
various operating conditions. They found that the cooling capacity of the system with R290 was lower than that with
R22; however, the energy efficiency ratio was higher.
Multiple studies have focused on using HC mixtures as substitutes for conventional refrigerants. Chao and Teng [10]
studied the feasibility of using HC mixtures of R290 and R600a as alternative refrigerants in a small-sized
refrigerator originally using R134a. They concluded from a no-load pull-down test that the optimal refrigerant
charge for HCs was significantly lower than that for R134a. Rasti et al. [11] used R436A (56% R290 and 44% 600a)
as an alternative to R134a in a domestic refrigerator and concluded that the system’s on-time ratio was reduced by
13% and that power consumption was reduced by 5.3% as compared to the original system with R134a. Mani and
Selladurai [12] conducted an experimental study using R290 and R600a (68% and 32% by mass, respectively) as a
drop-in replacement for R12 and R134a and found that the HC mixture had a higher cooling capacity. It is
important to note that trans-critical CO2 HPWH technology also relies on a environmental friendly refrigerant,
however, issues related to high pressure and variable flow rate pump system along with intermediate heat exchanger
makes the technology less feasible compared to HC based HPWH system [13].
2. ANALYSIS STRATEGY
Modelling a HPWH system has been a challenge due to the varying complexities of the subsystems and the
integration of the heat pump and water tank. The DOE/ORNL Heat Pump Design Model (HPDM) has been a
reliable, public-domain platform for designing, optimizing, and analysing heat pumps of varying complexity for
both residential and commercial applications. The platform was used to develop a HPWH system model that
included a wrapped tank condenser and accounted for features such as thermal stratification, piston effect, and
mixing. The model was calibrated against measured test data and was used to evaluate HPWH performance.
The current study draws upon some component modelling aspects of a previous ORNL HPWH analysis for forcedflow designs [14]. Some of the key HPDM features important to the current study are described here. AHRI 10coefficient compressor maps have been used to calculate mass flow rate and power consumption as shown by Eqs.
(1) and (2), respectively, as functions of evaporation and condensation temperatures [15].
2
2
3
2
2
3
+ 5TevapTcond + 6Tcond
+ 7Tevap
+ 8Tevap
m = 1 + 2Tevap + 3Tcond + 4Tevap
Tcond + 9Tcond
Tevap + 10Tcond

W = 1 + 2Tevap + 3Tcond +  T

2
4 evap

+ 5TevapTcond +  T

2
6 cond

+ T

3
7 evap

+ T T

2
8 evap cond

+ T T

2
9 cond evap

(1)

+ T

3
10 cond

(2)
where Tevap and Tcond are the compressor suction and discharge saturation temperatures, and α and  are the
compressor map coefficients for mass flow rate and power respectively. 1,2,...,10 and 1,2,...,10 are the mass flow
rate and power coefficients respectively for compressor.
The HPDM uses a segment-to-segment modelling approach, which divides a single tube into numerous mini
segments. Each tube segment has individual air-side and refrigerant-side entering states and considers possible phase
transition; the ε-NTU approach has been used for heat transfer calculations within each segment. In addition to the
functionalities of the segment-to-segment fin-tube condenser model, the evaporator model can simulate the
dehumidification process. A wrapped tank condenser model was developed specifically for this investigation, using
a segment-to-segment modelling approach. The flow-pattern-dependent heat transfer correlation published by
Thome et al. [16] was used to calculate the condenser’s two-phase heat transfer coefficient. The tank model includes
the thermal conductivity of the thermal paste (used to ensure good contact between the wrapped tank condenser
tubes and the tank wall) and the insulation covering the tank. Thus, heat loss from the tank was captured for the full
time of the operation. The transient tank model accounts for one-dimensional water temperature stratification due to
natural convention. Fig. 2 shows an example case (i.e., mixing caused by advection during water draw) for the CFD
model used for the analysis. A residential HPWH was considered as the baseline water-heating unit for performance
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evaluation and model calibration as shown in Fig 3. The performance of this unit has been evaluated previously at
ORNL [17].
3. RESULTS AND DISCUSSION
The US Department of Energy (DOE) initiated a rulemaking to consider amendments to its old test procedures for
covered residential and commercial water heaters, as recommended in the American Energy Manufacturing and
Technical Corrections Act. Based on the extensive testing, a new performance evaluation procedure was defined. In
the new procedure, the tank water temperature set point is 125°F, and the test conditions for inlet water and ambient
air temperature are prescribed as 58°F and 67.5°F (35–45% relative humidity), respectively. Key performance
metrics used to evaluate and compare the performance of water heaters (WHs), including HPWHs, are listed below.
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Fig. 2. Streamline for water flow in the tank
during draw (m/s).

Fig. 3. Temperature stratification variation (measured vs. predicted ).

First Hour Rating. FHR is a measure of the available hot water capacity of the WH (in gallons). Per the new DOE
test method, hot water (125±15°F) is drawn from the tank as long as the temperature is more than 67±2°F higher
than the entering water temperature. Once the temperature drops below the prescribed limit, the supply is stopped
until the set point of 125±1.5°F is met again. Following the procedure, the total water drawn from the tank during
1 hour indicates the total capacity of the heat pump and electric resistance heaters.
Unified Energy Factor. UEF is a measure of system efficiency. It is defined as the ratio of the total heat delivered
from the system (by heating the water) to the total power required to operate the system. Equation (3) describes the
UEF.
UEF
(3)
In Eq. (3) k represents the individual hot water draw, considering that multiple draws are required by the test
procedure and that n (total number of draws) can vary according to the method proposed by DOE (small, medium,
and large usage pattern), and M is the total mass drawn for each respective draw. Ts, Ti, and Wi represent the supply
water temperature, inlet water temperature, and total energy consumed by the unit (power times unit run time),
respectively. The previous EF test procedure used a single water draw pattern—six equal water draws of ~10.7
gallons each spaced equally during the first 5 hours of the EF test—and applied it to all WHs (including HPWHs)
with a storage tank. In contrast, the new method uses the measured FHR value to define the hot water draw pattern.
The FHR analysis concluded that under all parametric conditions, the appropriate draw pattern for the HPWH unit
being analyzed was for medium usage (FHR varied between 57 and 64 gallons).
4. PARAMETERS FOR PERFORMANCE EVALUATION
To optimize system performance, a parametric study was conducted to investigate the impacts of the condenser wrap
pattern and the heat loss from the water storage tank. Two representative insulation effectiveness values were
considered for the heat loss from the tank, 90% and 95%. The effectiveness is 90% when the tank loses 10% of the
energy input to the water. The effectiveness is 95% when half that amount of energy is lost through the tank wall
and insulation material to the environment. This essentially accounts for two values for the resistance to heat loss.
Similarly, to explore the impact of condenser configuration, two different wrap patterns were considered for analysis
as shown in Fig. 4. The counterflow pattern represents the flow of the refrigerant entering from the top section of the
tank and moving downwards. In the parallel-counterflow configuration, the refrigerant enters close to the middle of
the tank, moves upwards, and then comes back to the middle section to continue downwards (identical to the pattern
used by the prototype systems evaluated in the prior experimental study). In both cases, the refrigerant enters the
system as superheated vapor, goes through a phase-change process, and exits as a subcooled liquid. Table 2
summarizes the cases considered in current study.
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4. RESULTS AND DISCUSSION
FHR is a direct indication of system capacity. A larger FHR indicates a superior system capacity. It can be observed
from Fig. 5 that R290 consistently shows a comparable FHR when compared with baseline R134a values, whereas
R600a has an average FHR, close to 57 gallons (lower than R134a). Although the system’s design parameters can
have some secondary impact, the FHR is a direct indication of the volumetric capacity of the refrigerant. The low
value for volumetric capacity for R600a can explain a relatively lower FHR.
Table 2. Simulation cases for parametric analysis
Case
number

Wrap pattern

Effectiveness
(%)

1

Parallel-counterflow

90

2

Parallel-counterflow

95

3
4

Counterflow
Counterflow

90
95
Fig. 4. Condenser wrap configurations: (a)
counterflow, (b) parallel-counterflow.

Unified energy factor (UEF) is a direct measure of system efficiency. A larger UEF denotes a better performance.
Fig. 6 presents the 24 hour UEF for different refrigerants as the design parameters vary. Heat loss from the tank is
seen as a dominant factor, and UEF is higher for the cases with 95% tank insulation effectiveness. On the other
hand, the condenser wrap pattern does not have any significant impact, as observed from the values presented in Fig.
6. Among the three refrigerants, R600a has the lowest UEF while for R134a and R290, the values are comparable.
3.70

_3.50

~

j''o
~ 3. 10

g
UJ

~ 2.90

C:

·a
:J 2.70

2.50

S imulation case

Simulation case

Fig. 5. First hour rating for different refrigerants
Fig. 6. Unified energy factor for different refrigerants
COP is the typical parameter used to describe the efficiency of a heat pump. It is important to recognize that COP,
unlike UEF, represents the efficiency of the heat pump only and cannot be used to indicate the performance of the
whole system. However, this is still an important parameter to consider as it shows the stand-alone performance of
the heat pump. Fig. 7 presents COP for the different design options. Overall, COP is comparable for all design
options, with slightly better performance for parallel-counterflow configuration and 95% tank insulation
effectiveness. When the individual performance of different refrigerants is compared for a specific design option,
COP is clearly lowest for R600a, as was the case for UEF.
An interesting relationship between insulation effectiveness and supply water temperature is presented in Fig. 8. A
higher supply water temperature results in 90% thermal insulation (cases 1 and 3) because of the control mechanism
to turn the heat pump on (T = 120°F) and off (T = 125°F), which ultimately lowers the system’s UEF. The heat lost
with the poorer thermal insulation causes the heat pump’s run time to increase, leading to a higher average supply
temperature.
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Total system charge is a critical parameter that has been the focus of continuous effort toward minimization, not
only because refrigerants are expensive but also because class A3 refrigerants present serious safety concerns for
any HVAC&R application. Fig. 9 compares total system charge in the evaporator and the condenser. Even though
there is no significant difference in charge for various design options, it is interesting and encouraging that the
charge required for both R290 and R600a is less than half that of the baseline R134a. This can be explained in terms
of the lower molecular weights for the R290 and R600a refrigerants which are almost half that for R134a. This
shows the potential of HC refrigerants to substitute for R134a and indicates that further development may allow an
even smaller charge of flammable refrigerant to be successfully substituted to provide similar performance, thereby
reducing safety concerns.
Fig. 10 presents the maximum condenser saturation temperature drop. For better heat transfer performance, a
smaller temperature drop, which is directly related to the pressure drop through the condenser, is desired. As shown
in Fig. 10, both design options with the parallel-counterflow wrap pattern result in a lower condenser saturation
temperature drop, while for the counterflow arrangement, it is higher. The higher condenser temperature drop can be
related to the relative amount of condenser containing refrigerant vapor. Since for the counterflow arrangement there
is a slower transfer of heat in the top part of the water tank, which contains relatively hot water (due to
stratification), a longer heat exchanger length fraction in the vapor (higher pressure drop) region is required. In
contrast, for a parallel-counterflow arrangement, vapor refrigerant entering close to the middle of the tank interacts
with relatively cold water, ensuring a higher heat transfer rate and shorter vapor region. Analysis of the individual
performance of the refrigerants shows that R290 has the lowest values. For counterflow arrangement, both R-134a
and R600a show comparable performance; however, for parallel-counterflow configuration, R600a has a higher
temperature drop. Since the saturation temperature drop directly depends on the saturation pressure drop, a
condenser tube with relatively larger diameter can be helpful; however, this leads to a higher refrigerant charge,
which is undesirable for the current application. For a drop-in-replacement study, it is desirable to have a
comparable and preferably lower compressor discharge temperature for alternative refrigerants, as this ensures that a
similar compressor with existing lubrication can be safely used. The issue is critical due to the flammable nature of
refrigerants as well. Fig. 11 compares the compressor discharge temperature for various design options and indicates
that maximum compressor discharge temperature is about 10°F lower for R600a and 1–2°F lower for R290
compared to the baseline refrigerant (R134a). This suggests that with respect to oil temperatures for both
refrigerants, a safe substitution is possible without significant modification. However, since the volumetric capacity
of R600a is lower, a relatively larger compressor is required for comparable performance (i.e., COP and UEF).
Thermal stratification in the storage tank has been studied extensively, and recent findings have shown that higher
stratification can lead to improved UEF, a classical feature of CO 2-based HPWHs (Nawaz et al., 2017), since this
can provide better heat transfer from the condenser tube to the water. Fig. 12 shows the relative water stratification
for different refrigerants and design selections where the difference between the supply water temperature (exiting
the water tank) and average tank water temperature is presented. There is no consistent trend when different design
selections are compared, though cases 1 and 3 with 90% insulation effectiveness show slightly lower temperature
differences. However, the relative water temperature difference is lowest for R600a on average, which is consistent
with previous discussion regarding lower UEF and higher heat pump run time for this refrigerant.
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5. Performance Evaluation of a CO2 HPWH
Its worth noting that CO2 heat pump water heater is considerably different compared to the sub-critical heat pump
systems. As such the analysis strategy has been somewhat different. The details of performance modelling can be
found in reference (Nawaz et al., 2019). Here the major findings are presented.
For the gas-cooler configuration in a CO2 HPWH, the water circulation rate between the storage tank and the heat
exchanger is an important parameter impacting performance. Water temperature stratification has been considered
an important aspect, especially for a CO2-based HPWH and the water flow rate through the pump dictates the
achievable stratification. To analyze this effect, two different circulation rates were considered; the resulting
stratification is shown in Figure 6 (circulation rate=0.5 gpm) and Figure 7 (circulation rate=1.0 gpm). It can be
observed that even though the top of the tank was less sensitive to the circulation rate (node 0), for the middle (node
5) and bottom (node 9) of the tank, the temperature profile was quite different for the two flow rates. As mentioned
earlier, because higher stratification favors an improved UEF and COP, a relatively lower circulation rate is
recommended. However, if the flow rate is too low, it can adversely impact performance, as the water will be overheated at the exit of the gas cooler, deteriorating the cycle performance. A variable-speed pump can be extremely
useful in this situation because the water flow rate can be varied by the control strategy, depending upon the
stratification condition in the tank, to achieve optimized performance.
Figure 8 provides details for performance of the CO2 and R-134a systems with fixed and variable flow rates. For
comparison, the findings for both set points (149°F and 125°F) are presented. Lowering the flow rate to a fixed
value of 0.5 gpm from 1 gpm significantly improved the CO2 system performance. However, it was observed that
the water at the exit of the gas cooler was approximately 155°F for a set point of 149°F, which decreases the
performance of the system. On the other hand, when the flow rate was variable and controlled to maintain the water
temperature difference in the tank (CtrlDT) to achieve stratification, the resulting UEF was noticeably higher for
both systems (more so for the CO2 system) than with a fixed flow rate for a 149°F set point. For both set points and
systems, the variable flow rate control for stratification matching resulted in optimal or near-optimal performance,
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with the resulting performance nearly the same between the systems. R134a system performance optimized at higher
flow rates than did the CO2 system as a result of the further benefit of lowering the condensing pressure.
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Figure 6. Water temperature stratification for 0.5 GPM
water circulation rate for CO2 HPWH.

Figure 7. Water temperature stratification for 1.0 GPM
water circulation rate for CO2 HPWH
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5. CONCLUSIONS
A simulation study of a wrapped-tank heat pump water heater has evaluated the feasibility of using R290 (propane)
and R600a (isobutane) as natural refrigerants to substitute for R-134a. A model based on the DOE/ORNL Heat
Pump Design Model was developed to account for both the heat pump and water tank designs, and it was used to
study the impact of various design parameters. It has been found that both R134a and R290 showed comparable
FHR and UEF. A relatively lower performance for R600a can be attributed to its relatively lower volumetric
capacity, which can be resolved by increasing compressor size. The compressor discharge temperature was lower for
R290 and R600a than it was for R134a. This suggests that compressors of similar design can be used with these
refrigerants and that existing compressor lubricants are feasible. Total system charge for R290 and R600a was
much smaller compared to the baseline system (at least 50% reduction). Considering the potential flammability of
replacement refrigerants, which are safety class A3, the substitution of R290 or R600a would reduce safety concerns
because a relatively smaller amount would be needed to operate the system. Considering the various performance
parameters, R290 showed better prospects as a drop-in replacement for R134a, while R600a required a relatively
larger compressor size to meet the baseline performance. The CO2 heat pump water heater’s operation is
considerably different compared to the sub-critical heat pump water heaters. It has been noted that split
configuration with controlled flow rate through the gas cooler can lead to most optimum performance. Also, the
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thermal stratification in the tank is a function of the flow rate through the gas cooler and directly impacts the system
efficiency.
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NOMENCLATURE
AHRI Air-Conditioning, Heating, and Refrigeration Institute
CFC chlorofluorocarbon
HC hydrocarbon
CFD computational fluid dynamics
HFC hydrofluorocarbon
COP coefficient of performance
HFO hydrofluoroolefin
EF
energy factor
HPDM heat Pump Design Model
FHR first hour rating
HPWH heat pump water heater
GWP global warming potential
HVAC&R
heating, ventilation, air conditioning, and refrigeration
ODP
ozone depletion potential
OEDC
Organization for Economic Cooperation and Development
UEF
unified energy factor
WH
water heater
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